Shewanella spp. demonstrate great variability in the use of terminal electron acceptors in anaerobic respiration ; these include nitrate, fumarate, DMSO, trimethylamine oxide, sulphur com-
The wide variety of respiratory substrates for Shewanella is correlated with the evolution of several multi-haem membrane-bound, periplasmic and outer-membrane c-type cytochromes. T h e 21 kDa c-type cytochrome CymA of the freshwater strain Shewanella oneidensis MR-1 has an N-terminal membrane anchor and a globular tetrahaem periplasmic domain. According to sequence alignments, CymA is a member of the NapC/NirT family. This family of redox proteins is responsible for electron transfer from the quinone pool to periplasmic and outer-membrane-bound reductases. Prior investigations have shown that the absence of CymA results in loss of the ability to respire with Fe(IIT), fumarate and nitrate, indicating that CymA is involved in electron transfer to several terminal reductases. Here we describe the expression, purification and characterization of a soluble, truncated CymA ( 'CymA). Potentiometric studies suggest that there are two pairs of haems with potentials of -175 and -261 mV and that 'CymA is an efficient electron donor for the soluble fumarate reductase, flavocytochrome c3.
Introduction
Shewanella spp. have recently attracted considerable interest due to their potential application in bioremediation and metal leaching [l] . This extremely versatile genus is capable of coupling metal oxide reduction to the oxidation of organic carbon [2] and plays a major role in carbon cycling of freshwater sediments [l] . Classic examples of metals that form insoluble oxides and oxohydroxides are iron and maganese. Due to their insolubility, direct contact with bacterial cells has to occur to allow electron transfer. Shewanella appears to have overcome this problem by forming a multi-haem 'wire', consisting mainly of c-type cytochromes, from the inner to the outer membrane, enabling it to transfer electrons to insoluble metal oxides on the outer membrane [3] . Underpinning this molecular 'wire' theory, it was found that the cytochrome distribution in anaerobically grown Shewanellaputrefaciens MR-1 shows a large number of c-type cytochromes that are localized in the outer membrane [4] .
T h e genome sequencing project of Shewanella oneidensis MR-1 is almost complete, and about 40 c-type cytochromes have been identified (www.tigr.org). This is in contrast with just seven found in Escherichia coli. Clearly, Shewanella has an extraordinary respiratory system that allows respiration on a wide range of different substrates in the absence of oxygen and involves proteins that are peculiar to this genus, such as the unique soluble periplasmic fumarate reductase of Shewanella frigidimarina NCIMB400 [5] .
CymA is the link between the membrane quinone pool and periplasmic terminal reductases
CymA is a membrane-bound c-type cytochrome with a calculated size of 20.8 kDa. It contains four low-spin haems, each with a bis-His axial ligation [6] . CymA possesses the common structural features of the NapC/NirT family, which are an N-terminal transmembrane a-helical anchor and a globular tetrahaem periplasmic domain. Simon et al. [7] have demonstrated in liposomal membrane experiments that NrfH, a member of the NapC/ N i r T family, mediates electron transfer between 2,3-dimethyl-l,4-naphthoquinol and NrfA, a periplasmic nitrite reductase of Wolinella succinogenes. T h e cytochrome bc, complex is also capable of quinol oxidation, but members of the NapC/ N i r T family form an alternative route to the bc, complex and are generally more widespread in Proteobacteria [8] .
T h e cymA-knockout experiments of Myers and Myers [6] provided evidence that CymA is essential in the reduction of nitrate, iron(III), manganese(1V) and fumarate, but not for the reduction of trimethylamine oxide. Figure 1 outlines a general model of the possible electron pathways based on these observations. This model is restricted to the possible electron pathways, and does not take proton translocation into account. T h e electrons enter the quinone/quinol pool via a membrane-bound dehydrogenase (e.g. NADH : quinone oxidoreductase). Reduction of CymA could occur by several possible mechanisms, either directly or indirectly. Direct reduction of CymA might take place at position a or b (Figure 1 ). Position a would imply an electron transfer via the anchor, whereas position b would suggest that one haem group comes in close proximity to the membrane to enable electron transfer between a quinone molecule and CymA. An indirect electron transfer via an integral membrane protein (protein Y in Figure 1 ) might also occur, but so far no such protein has been identified. Once CymA is reduced, again a direct or indirect (via protein 2; Figure 1 ) transfer of electrons to the final reductases is possible. T h e simplest model is that CymA forms a platform which reaches into the periplasm and allows various terminal reductases to dock on to and take up electrons from the quinone pool [6] . Another model, exclusively for the reduction of iron on the outer membrane, postulates that CymA is reduced by menaquinol in the cytoplasmic membrane. CymA then transfers electrons directly or indirectly to MtrA, a periplasmic decahaem cytochrome, from where they are passed on to another decahaem cytochrome, MtrC. MtrC may be a lipoprotein, and appears to be located in the outer membrane, where it could be a component of the terminal ferric reductase. MtrB is postulated to 
Design of a soluble form of CymA
T o simplify biochemical characterization, we designed a soluble form of CymA from Shewanella oneidensis MR-1. T h e genetically modified form of CymA, named 'CymA, was constructed by deleting the sequence encoding the first 35 amino acids of CymA, which form the hydrophobic anchor [14] . These were replaced by the leader sequence of flavocytochrome c, (Fcc,) from Shewanella frigidimarina NCIMB400 and the first three amino acids of the mature Fcc, protein. T h e purpose of this replacement was to direct the protein to the periplasm, where it would be released in soluble form after removal of the leader peptide. This fee, '-'cymA construct was cloned into the broad-host-range expression vector pMMB503EH [15] and expressed in Shewanella oneidensis MR-1.
Expression and purification of 'CymA
Shewanella oneidensis MR-1 harbouring the 'CymA-encoding plasmid (CS2la) was grown microaerobically to a Dsoo of -0.7 at 23 "C, and was then induced with 0.5 mM isopropyl b-Dthiogalactoside. After 18 h the cells were harvested and a periplasmic extraction, including osmotic shock and EDTA treatment, was performed [16] . The periplasmic extract was loaded on to a weak anion exchanger (DE52 ; Whatman) equilibrated with 5 0 m M Tris, p H 8.0, and the 'CymAcontaining fraction was eluted with 0.1 M NaCl.
This fraction was then loaded on to a Q-Sepharose column (Pharmacia Biotech) equilibrated with 10 mM Tris, p H 7.4, and elution followed using a salt gradient of 0-1 .0 M NaCl. T h e final step was a size-exclusion chromatography. T h e Sepharose Superdex 75 column (Pharmacia Biotech) was equilibrated beforehand with a buffer containing 1 0 m M NaCl and 1 0 m M Tris, pH 8.0. SDS/ PAGE analysis is shown in Figure 2 .
N-terminal sequencing confirmed the identity of 'CymA and showed that the leader sequence CymA is thought to be the link between the quinone Pool and the periPlasmic fumarate reductase or other terminal reductases in Shewanella [6] . It is not known whether electron transfer occurs directly or indirectly, but the F~~, cytochrome domain is organized in such a fashion that at least three of its four haems are highly exposed 'CymA functions as an electron donor for the fumarate reductase of
Shewanella oneidensis MR-I
Redox potentiometry of 'CymA by conventional methods showed that the haem groups titrated at low potential, but individual haem potentials could not be resolved. Data obtained from repeated redox titrations, using dithionite and ferricyanide as the reducing and oxidizing agents respectively, could be fitted to two pairs of haems having midpoint potentials of -175 and -261 mV (Figure 3 ) . 
Conclusions
We have demonstrated that 'CymA, a truncated form of CymA, is able in vitro to supply electrons to the periplasmic fumarate reductase. T o find out more about the in vivo function of CymA, we transformed a c y m A knockout strain of Shewanella oneidensis MR-1 with a plasmid harbouring the fcc3'-'cymA construct. In a series of growth experiments we are testing the complemented cymA knockout strain for its ability to grow on different electron acceptors. Based on these studies, we hope to gain information regarding the role of the anchor in electron transfer.
